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Abstract
Cellular DExD/H-box RNA-helicases perform essential functions during mRNA biogenesis. The closely related human
proteins UAP56 and URH49 are members of this protein family and play an essential role for cellular mRNA export by
recruiting the adaptor protein REF to spliced and unspliced mRNAs. In order to gain insight into their mode of action, we
aimed to characterize these RNA-helicases in more detail. Here, we demonstrate that UAP56 and URH49 exhibit an intrinsic
CRM1-independent nucleocytoplasmic shuttling activity. Extensive mapping studies identified distinct regions within
UAP56 or URH49 required for (i) intranuclear localization (UAP56 aa81-381) and (ii) interaction with REF (UAP56 aa51-428).
Moreover, the region conferring nucleocytoplasmic shuttling activity was mapped to the C-terminus of UAP56, comprising
the amino acids 195-428. Interestingly, this region coincides with a domain within Uap56p of S. pombe that has been
reported to be required for both Rae1p-interaction and nucleocytoplasmic shuttling. However, in contrast to this finding we
report that human UAP56 shuttles independently from Rae1. In summary, our results reveal nucleocytoplasmic shuttling as
a conserved feature of yeast and human UAP56, while their export receptor seems to have diverged during evolution.
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Introduction
DExD/H-box RNA-helicases are implicated in virtually every
step of RNA metabolism, including transcription, splicing, mRNA
export, ribosome biogenesis, translation initiation or mRNA
degradation [1–3]. One member of this family of RNA-helicases
is UAP56 (alternatively named BAT1 in human, HEL in Drosophila
or Sub2p in yeast), a protein that has both RNA-stimulated ATP-
binding/hydrolysis activity and ATP-dependent RNA unwinding
activity [4–6]. Initially, UAP56 was identified as a U2AF
65-
associated protein, involved in mRNA splicing [4]. Most impor-
tantly, however, it has been demonstrated that UAP56 also fulfills
a key function for cellular mRNA export by interacting with the
cellular adaptor protein REF [7,8]. The RNA export factor REF
shuttles between the nucleus and the cytoplasm and bridges
mRNAs to the major mRNA transport receptor TAP by binding
directly to both macromolecules [9–11]. Interestingly, UAP56 is
able to recruit REF to intron-containing as well as to intron-free
pre-mRNAs. In the first of these two scenarios, UAP56 is a
constituent of the exon junction complex (EJC) and thereby
couples splicing and mRNA export [12,13]. In the second setting,
UAP56, as a component of the TREX complex, couples RNA-
polymerase II-dependent transcription elongation with mRNA
export [14,15]. In either case, REF recruitment is followed by
formation of a ternary complex and upon methylation of REF,
mRNA is transferred to TAP [16,17]. Current models assume that
UAP56 leaves the mRNP complex in the nucleus, since REF
interacts either with TAP or UAP56 in a mutually exclusive
manner [15,18]. Since REF is dispensable in Drosophila [19], it is
conceivable that additional adapter proteins are also able to
transfer mRNAs to TAP and, hence, facilitate mRNA export.
Indeed, the shuttling human SR proteins 9G8, SRp20 and SF2/
ASF directly bind to TAP via their short arginine-rich peptides
and function as export factors [20–22].
While only one gene corresponding to UAP56 exists in
Saccharomyces cerevisiae and Drosophila melanogaster, an additional
UAP56 related helicase termed URH49 (alternatively DDX39)
has been discovered in humans [23]. The URH49 protein shares
90% amino acid sequence homology with UAP56 although it is
100% conserved within the DExD/H-box RNA-helicase motifs
and shows the highest degree of divergence within its N-terminus
(Fig. 1). Consequently, URH49 as well as UAP56 (i) are able to
complement a Sub2p deletion and (ii) interact with the adaptor
protein REF in yeast, suggesting that both proteins exert similar or
redundant functions in mammalian cells [23].
Given the diverse functions of UAP56/URH49 during splicing
and mRNAexportitisnotsurprisingthat theseproteins areessential
in yeast, Drosophila, Caenorhabditis elegans or human cells [7,15,24,25].
Moreover, the functional importance of these two RNA-helicases
has been further sustained by our observation that mRNA-export of
human cytomegalovirus, a ubiquitous herpesvirus, is dependent on
UAP56/URH49-recruitment by a multifunctional viral protein
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and/or viral mRNA metabolism, we conducted this work to
characterize UAP56/URH49 in more detail.
Here, we report that the human DExD/H-box RNA-helicases
UAP56 and URH49 exhibit an unexpected nucleocytoplasmic
shuttling activity that is mediated by a CRM1-independent export
signal. While UAP56p of Schizosaccharomyces pombe shuttles by
recruitment of Rae1p, we report that human UAP56 exerts a
Rae1-independent shuttling activity. Intriguingly, our data suggest
a so far uncharacterized additional cytoplasmic function of UAP56
and URH49.
Results
UAP56 and URH49 exert nucleocytoplasmic shuttling
activity
During the past decade an accumulating line of evidence
suggested that, in addition to REF, several other proteins such as
the SR proteins 9G8, SRp20 and SF2/ASF are capable to transfer
mRNAs to the heterodimeric export receptor TAP/p15 in order
to facilitate their translocation to the cytoplasm [10,11,20–22].
Interestingly, most of these adapter proteins possess an intrinsic
nucleocytoplasmic shuttling activity. As the essential RNA-
Figure 1. DExD/H-box RNA-helicases UAP56 and URH49: (A) Schematic representation of a DExD/H-box RNA helicase. The conserved helicase
motifs are indicated by shaded boxes and roman numerals. The known or supposed function of the respective DExD/H-box motif, along with its
consensus amino acid sequence is highlighted above the protein. (B) Alignment of the 428 amino acids of UAP56 (upper strand) and the 427 amino
acids of URH49 (lower strand). The above mentioned DExD/H-box RNA-helicase motifs are indicated by shaded boxes with their respective roman
numeral.
doi:10.1371/journal.pone.0022671.g001
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it was tempting to analyze whether these proteins also shuttle
between the nucleus and the cytoplasm.
First, we investigated whether UAP56 and URH49 are shuttling
in the context of mammalian cells. To test this, HeLa cells were
cotransfected with an expression plasmid for FLAG-UAP56
(Fig. 2A) or FLAG-URH49 (Fig. 2B) and one of the internal
control plasmids CFN-bGal or CFNrev-bGal. CFNrev-bGal
encodes b-galactosidase (bGal) fused to the NLS of the SV40 T-
antigen and the NES of the HIV-1 Rev protein. This fusion
protein thereby served as a positive internal control as it shuttles
between the nucleus and the cytoplasm in transfected cells. CFN-
bGal expresses only the SV40 T-antigen NLS fused to bGal and is
therefore restricted to nuclei, hence serving as an internal negative
control [27]. Transfected cells were allowed to synthesize FLAG-
UAP56 or -URH49, in combination with one of the control
proteins. The next day transfected HeLa cells were cocultivated
with mouse NIH3T3 cells for another 24h until heterokaryon
formation was induced as described in Materials and Methods.
After fixation, indirect immunofluorescence analyses were per-
formed using antibodies directed against the FLAG-tag and bGal.
In interspecies heterokaryons that coexpressed FLAG-UAP56 and
NLS-NES-bGal (as encoded by CFNrev-bGal), both proteins were
observed in murine and human nuclei (Figure 2A, a–d). In
contrast, when the localization of FLAG-UAP56 and NLS-bGal
(as encoded by CFN-bGal) was assessed, only FLAG-UAP56 was
found to be present in murine nuclei, while NLS-bGal was
detected exclusively in human nuclei (Fig. 2A, e–h). Analogous
results were obtained in interspecies heterokaryons that coex-
pressed FLAG-URH49 and NLS-NES-bGal (Figure 2B, a–d) or
FLAG-URH49 and NLS-bGal (Figure 2B, e–h). In summary, the
results presented here demonstrate that both UAP56 and URH49
exhibit a nucleocytoplasmic shuttling activity in mammalian cells.
CRM1-independent shuttling of UAP56/URH49
It is well established that nucleocytoplasmic shuttling proteins
utilize specific nuclear export signals (NESs) in order to be
transported to the cytoplasm. The vast majority of shuttling
proteins comprise an NES that is similar to the leucine-rich NES
of the HIV-1 Rev protein. The cellular export receptor targeted by
such an NES is called CRM1 and can specifically be blocked by
the antibiotic leptomycin B (LMB) [28–31]. However, using the
NetNES1.1 server (www.cbs.dtu.dk/services/) for in silico predic-
tion, we were neither able to detect a leucine-rich NES in UAP56
Figure 2. Nucleocytoplasmic shuttling of UAP56 (A) and URH49 (B) in transfected HeLa cells. HeLa cells were cotransfected with
expression plasmids for FLAG-UAP56 (panel A) or FLAG-URH49 (panel B) and one of the internal control plasmids as indicated (a–d, + CFNrev-bGal; e–
f, + CFN-bGal). The transfected cells were subjected to an interspecies heterokaryon assay as described in the Materials and Methods section. In order
to detect and discriminate the respective proteins, double immunofluorescence analysis was performed using polyclonal anti-FLAG serum (b and f)
and monoclonal anti-b-galactosidase antibody (c and g). DAPI, counterstaining of the nuclei (a and e); Phase, phase contrast image of the
heterokaryon (d and h); murine nuclei are indicated by arrows.
doi:10.1371/journal.pone.0022671.g002
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either mediated by a non-conventional, but CRM1-dependent
NES or by a CRM1-independent NES. To address this question,
FLAG-UAP56 or FLAG-URH49 transfected HeLa cells were
treated with the CRM1-specific inhibitor LMB (Fig. 3A and B,
panels e–h) or kept untreated (panels a–d) and heterokaryon assays
were performed as described above. As expected, LMB inhibited
nucleocytoplasmic shuttling of the cotransfected NLS-NES-bGal
protein containing the HIV-1 Rev-NES (Fig. 3A and B, panels g),
while, in contrast, shuttling of FLAG-UAP56 or FLAG-URH49
was completely unaffected by LMB (Fig. 3A and B, panels c).
These findings indicate that both proteins are not transported via
the CRM1-export pathway.
Delineation of domains within UAP56 required for
nuclear localization
While these experiments demonstrated a nuclear export activity
of UAP56 and URH49, it remained to be elucidated how these
proteins are imported into the nucleus. Although in silico predic-
tions did not detect a classical NLS within UAP56 and URH49 we
and others demonstrated a nuclear localization of both proteins
[26,32]. To uncover domains required for nuclear localization we
sought to determine the intracellular distribution of a series of N-
or C-terminally truncated UAP56 variants that were fused to the
myc-epitope. HeLa cells were transfected with the respective
expression plasmids and the subcellular localization of transiently
expressed proteins was assessed by indirect immunofluorescence
analysis using a monoclonal anti-myc antibody. As illustrated by
Fig. 4 A and B, N-terminal truncation of UAP56 beyond amino
acid 81 (panels g and h) and C-terminal truncation beyond amino
acid 381 (panels p and q) abrogated nuclear localization. In order
to investigate whether the partial nuclear localization of truncated
UAP56 variants could be due to passive diffusion into the nucleus
(see Fig 4, panels g–o), we constructed in-frame fusions with the
open reading frame coding for the large cytoplasmic protein b-
galactosidase (bGal). As shown in Fig. 4 C and D, all truncated
bGal-DUAP56 fusion proteins exhibited an exclusive cytoplasmic
localization, while a fusion of full-length UAP56 with bGal was
nuclear. Therefore, we conclude that amino acids 81–381 of
UAP56 are required for proper nuclear localization of this RNA
helicase.
Delineation of the pUL69- and REF-interaction motifs in
UAP56/URH49
Taking into account that UAP56 and URH49 exhibit a
complex secondary structure (see Fig. 1), we were interested to
Figure 3. CRM1-independent shuttling activity of UAP56 (A) and URH49 (B). (A+B) Heterokaryon assay: Effect of LMB on shuttling of FLAG-
UAP56 or FLAG-URH49 as determined by interspecies heterokaryon analysis. HeLa cells were cotransfected with expression constructs for FLAG-
UAP56 (A) or FLAG-URH49 (B) in combination with the plasmid CFNrev-bGal. Three hours prior to fusion and throughout the experiment, cells were
incubated in the absence (a–d) or presence of 2.5 ng/ml leptomycin B (LMB; panels e–h). Two hours after fusion, proteins were detected by indirect
immunofluorescence analyses essentially as described in the legend of Figure 2. Murine nuclei are indicated by arrows.
doi:10.1371/journal.pone.0022671.g003
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partners could be mapped to domains that differ from the nuclear
localization domain. In HCMV-infected cells UAP56 or URH49
are constituents of multiprotein complexes containing cellular
REF and the cytomegaloviral protein pUL69 (see Introduction)
[26]. Thus, we started to delineate the domains within UAP56/
URH49 required for interaction with these proteins by yeast two-
hybrid analyses as reported before [33]. Briefly, Saccharomyces
cerevisiae cells (strain Y153) were transformed with a combination of
vectors encoding truncated versions of UAP56 or URH49 in
fusion with the GAL4-activation domain (Fig. 5 A and D, as
indicated) in combination with either REF (Fig. 5 B and E) or
pUL69 (Fig. 5 C and F) fused to the GAL4 DNA-binding domain.
Growth-selected yeast cells were then analyzed by filter-lift assays
for expression of the b-galactosidase reporter gene. As depicted in
figure 5, only the very N-terminal 51/50 amino acids of UAP56 or
URH49, respectively, could be deleted without abrogating the
interaction with REF (see panels B and E). In contrast, a smaller
C-terminal domain of both proteins comprising the amino acids
195–428 of UAP56 or 194–427 of URH49, respectively, was
sufficient for interaction with the viral protein pUL69 (see panels
C and F). Consequently, these results imply that different domains
within UAP56/URH49 were required for interaction with REF or
pUL69.
Next, the yeast mapping studies had to be corroborated by
coimmunoprecipitation experiments in order to exclude that
fusion to the GAL4 DNA-binding or GAL4 activation domain
affected protein-protein interactions of UAP56/URH49. In a first
experiment, we verified that an interaction between endogenous
UAP56 and REF can be detected by coimmunoprecipitation, thus
Figure 4. Intracellular localization of UAP56-truncation mutants. (A) Indirect immunofluorescence analyses: HeLa cells were transfected with
expression plasmids encoding myc-tagged full-length UAP56 (panels a and b), N- (panels c–m) or C-terminally (panels n–s) truncated UAP56 as
indicated. Two days posttransfection cells were fixed and subjected to indirect immunofluorescence analyses using a monoclonal antibody directed
against the myc-tag. DAPI, counterstaining of cell nuclei. (B) Schematic representation of the constructs used in (A). (C) Subcellular localizationo f
UAP56 (full-length and truncated) in fusion with the SV40 NLS and b-galactosidase: HeLa cells were transfected with the indicated expression
plasmids followed by indirect immunofluorescence analyses using a monoclonal antibody against b-galactosidase (anti-bGal). (D) Schematic
representation of the constructs used in (B). Nuclear localization of the respective construct is indicated by a ‘+’, while cytoplasmic localization is
indicated by a ‘-‘.
doi:10.1371/journal.pone.0022671.g004
Figure 5. Mapping of the REF- and pUL69-interaction domain within UAP56 and URH49. (A–F) Yeast two-hybrid analysis: Yeast cells were
transformed with full-length, or N- and C-terminal deletion mutants of UAP56 (A) or URH49 (D) as in-frame fusions to the GAL4 activation domain in
combination with a vector encoding REF (B+E) or UL69 (C+F) in fusion with the GAL4 DNA-binding domain as indicated. Growth-selected yeast cells
were analyzed in filter-lift assays for the expression of b-Gal, indicated by blue-staining of the respective colony. The mapped interaction regions that
were required and sufficient for pUL69- (aa195/194-428/427) or REF-interaction (aa51/50-428/427) of UAP56 or URH49, respectively, are highlighted
by black bars.
doi:10.1371/journal.pone.0022671.g005
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[34,35]. Then, in order to delineate the REF interaction region of
UAP56, HEK293T cells were transfected with expression
plasmids for myc-UAP56-full-length (Fig. 6B, lane 1), N- or C-
terminally truncated versions of myc-UAP56 (Fig. 6B, lanes 2 to 9)
or myc-REF (Fig. 6B, lanes 10 and 11). Two days later, cells were
harvested and protein expression was analyzed by Western
blotting (Fig. 6B, upper panel: amyc; middle panel: aREF).
Immunoprecipitation of endogenous REF was performed using an
anti-REF antibody (Fig. 6B, lower panel, IP aREF, lanes 1 to 10)
or the control antibody anti-myc (Fig. 6B, lower panel, lane 11)
and coprecipitated or precipitated proteins were detected by a
monoclonal anti-myc antibody (Fig. 6B, lower panel, lanes 1 to
11). As expected from previous experiments, the REF-specific
antibody precipitated myc-REF to a similar extent as the anti-Myc
antibody (Fig. 6B, lower panel, compare lanes 10 and 11).
Importantly, the precipitated endogenous REF protein specifically
coprecipitated full-length UAP56 as well as UAP56aa51-428
(Fig. 6B, lower panel, lanes 1 and 2). In contrast, all other N- or C-
terminal deletion constructs failed to copurify with REF (Fig. 6B,
lanes 3 to 9) although the proteins were properly expressed (Fig. 6
B, upper panel). In summary, we confirmed that the region
comprising the amino acids 51–428 of UAP56 are required for
interaction with REF.
Finally, we wanted to further narrow down the pUL69-
interaction domain within UAP56. As we had reported before that
pUL69 is able bind to UAP56aa140-428 in coimmunoprecipitation
experiments [26], additional eukaryotic expression plasmids for N-
terminally truncated proteins were constructed (UAPaa195-428,
UAPaa227-428 and UAPaa298-428). These truncations were
cloned in frame into the CFN-bGal vector, thus fusing UAP56 to
the heterologous SV40-NLS and to b-galactosidase. This was done
in order to ensure a correct nuclear localization of the respective
proteins. Furthermore, these constructs could be used in subsequent
experiments to delinate the nuclear export signal of UAP56. Then,
HEK293T cells were cotransfected with expression plasmids
encoding pUL69 either together with a plasmid for bGal fused to
the SV40-NLS (NLS-bGal) (Fig. 6C, lane 2) or together with N-
terminal deletion constructs of UAP56 fused in frame to bGal-NLS
as indicated (Fig. 6C, lanes 3 to 5). Two days later, cells were
harvested and protein expression was analyzed by Western blotting
using monoclonal antibodies directed against bGal (Fig. 6 C, upper
panel) or pUL69 (Fig. 6C, middle panel). When immunoprecipi-
tation was performed using an anti-bGal antibody, only bGAL-
NLS-UAP56aa195-428 and –UAP56aa227-428 specifically copre-
cipitated pUL69 from the lysates (Fig. 6C, lower panel, lanes 3 and
4). These interactions were considered specific as pUL69 was
neither coprecipitated by NLS-bGal nor by bGAL-NLS-UA-
P56aa298-428 (Fig. 6C, lanes 2 and 5) or when no bGAL-protein
was present (Fig. 6C, lane 1). In conclusion, this set of experiments
confirmed the results obtained in yeast and clearly demonstrates
that the residues 227-428 of UAP56 can be tethered to a
heterologous protein still preserving their capability to interact with
the viral protein pUL69.
Figure 6. Confirmation of UAP56 interaction domains in mammalian cells. Coimmunoprecipitation analyses to confirm the interaction of
endogenous UAP56 and REF (A) and to map the UAP56-domains required for (B) REF- or (C) pUL69-interaction. (A) HEK293T cells were either mock
transfected (lanes 1 and 2) or cotransfected with plasmids encoding FLAG-tagged UAP56 and myc-tagged REF (lane 3). The expression of
endogenous proteins and proteins after transfection was controlled by Western blot analysis using an a-UAP56 antibody (anti-BAT1) (A, upper panel)
and an a-REF antibody (A, middle panel). Immunoprecipitation was performed using an a-UAP56 antibody followed by detection of coprecipitated
proteins with a-REF antibody (A, lower panel). The position of detected proteins is indicated on the right of each panel (UAP56, FLAG-UAP56, REF,
myc-REF). Lysates of lane 1 were treated with RNase in order to exclude a bridging of proteins by RNA. (B) HEK293T cells were transfected with
plasmids encoding either myc-tagged-UAP56 variants (lanes 1–9, as indicated) or myc-tagged REF (lanes 10 and 11). The correct expression of
proteins after transfection was controlled by Western blot analysis using an a-myc antibody (B, upper panel). Expression of REF (either endogenous or
transfected) was also verified by Western blot analysis using an a-REF antibody (B, middle panel). Immunoprecipitation was performed using an a-REF
antibody followed by detection of cotransfected proteins with a-myc antibody (B, lower panel). The position of detected proteins is indicated on the
right of each panel (Ighc= immunoglobulin heavy chain; Iglc= immunoglobulin light chain). (C) HEK293T cells were co-transfected with a plasmid
encoding pUL69 in combination with vectors coding either for b-galactosidase alone or for fusions of UAP56 with b-galactosidase (as indicated).
Expression of b-galactosidase fusion proteins and pUL69 was confirmed by Western blot experiments (C, upper and middle panel, respectively).
Immunoprecipitation was performed using an anti-b-galactosidase antibody followed by the detection of coprecipitated proteins using an a-pUL69
antibody (C, lower panel).
doi:10.1371/journal.pone.0022671.g006
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Having delineated the domains of UAP56 required for its
nuclear localization and interaction with REF or pUL69, we next
wanted to further narrow down the motif required for nuclear
export. Due to the high homology between URH49 and UAP56,
the NES was exemplarily mapped for UAP56. In order to assure
the nuclear localization of UAP56 deletion constructs, UA-
P56aa140-428 was fused to the NLS of the SV40 large T-antigen.
As described above, further N-terminal truncations of UAP56
were cloned in frame into the CFN-bGal vector, thereby being
tethered to the heterologous SV40-NLS and b-galactosidase. After
confirmation of their nuclear distribution by immunofluorescence
analyses (data not shown), the indicated constructs (Fig. 7A) were
transfected into HeLa cells and assayed in heterokaryon analyses.
As controls, HeLa cells were cotransfected with the shuttle-control
FLAG-UAP56 or the non-shuttling control IE1p72, respectively.
As depicted in figure 7B, UAP56 shuttled via its C-terminus,
comprising the amino acids 195-428. In conclusion, our mapping
studies revealed that UAP56 can only be marginally truncated
without loosing REF-interaction or nuclear localization, while the
nucleocytoplasmic shuttling domain can be narrowed down to a
smaller C-terminal part of UAP56 comprising its amino acids 195-
428 thereby overlapping with its pUL69-interaction motif.
An N-terminal domain of UAP56 is able to interact with
the nuclear pore-associated protein Rae1
Nucleocytoplasmic shuttling appears to be conserved from yeast
to human UAP56, as it has been reported that Uap56p of
Schizosaccharomyces pombe (S.pombe) is also able to exit the nucleus
[36]. The NES of Uap56p was mapped to its amino acids 250 to
350, a region that coincided with a domain required for binding of
the nuclear pore-associated protein Rae1p. This interaction was
critical for both, nucleocytoplasmic shuttling as well as UAP56p-
mediated mRNA export [36]. Importantly, two single mutations,
Q297R and F320A, within the UAP56p NES-region, partially
abolished export, while a combination of both mutations led to a
total loss of UAP56p shuttling. Although the overall homology
between UAP56/URH49 and their homolog from S.pombe is only
approximately 70% amino acid identity/78% amino acid
similarity, the essential amino acids required for Uap56p shuttling
are well conserved in human UAP56 or URH49 and correspond
to UAP56 Q289 and F312. Since human Rae1 itself is a known
nucleocytoplasmic shuttling protein which exports cellular
mRNAs via interaction with the nuclear pore component Nup98
[37,38], Rae1 seemed to be a promising candidate for the so far
unknown export receptor required for CRM1-independent
shuttling of human UAP56/URH49. To investigate this, we first
examined whether Rae1 is able to interact with UAP56/URH49
in human cells. For this, HEK293T cells were cotransfected with
plasmids encoding HA-Rae1 in combination with vectors
encoding either full-length and truncated FLAG-tagged UAP56/
URH49 or Flag-tagged UL69. As illustrated by Fig. 8A, lower
panel, HA-Rae1 was weakly but specifically coprecipitated by
FLAG-UL69 (Fig. 8A, lane 1) but neither by full-length UAP56
nor by URH49 (Fig. 8A, lanes 2 and 3). However, the N-terminus
of UAP56, comprising amino acids 1-194, was able to coprecipi-
tate Rae1, whereas the C-terminus (aa195-428), required for
pUL69-interaction and shuttling, failed to do so (Fig. 8A, compare
lanes 4 and 5). This suggests that the Rae1-interaction motif of
human UAP56 was different from that detected in S.pombe. Since
Thakurta and colleagues had demonstrated that two amino acid
substitutions within the NES of Uap56p abolished Rae1-binding
and shuttling [36], site directed mutagenesis was performed to
construct human UAP56, carrying the amino acid substitutions
Q289R and F312A (construct named UAP56-QF). After confir-
mation that UAP56-QF was expressed like wildtype UAP56 in
immunofluorescence (data not shown) and Western blot analyses
(compare Fig. 8B, input lanes 3 and 4), both constructs were
assayed by coimmunoprecipitation for Rae1-interaction. As
depicted in Fig. 8B (IP aFLAG, lanes 3 and 4), neither wildtype
UAP56 nor UAP56-QF were able to interact with Rae1 while
HCMV pUL69 was clearly coprecipitated (Fig. 8B, lane 2, lower
panel). In summary, our results suggest that an N-terminal domain
of human UAP56 has the capability to bind Rae1 while full-length
UAP56 failed to interact.
Shuttling activity of the mutant UAP56-Q289R+F312A
As mentioned before, Uap56p carrying amino acid substitutions
Q297R and F320A failed to shuttle in S.pombe as well as in human
cells [36]. To finally exclude that shuttling of human UAP56
depends on these proposed amino acids, mediating the interaction
of UAP56p with Rae1, mutant UAP56-Q289R+F312A was tested
Figure 7. Delineation of the putative NES within the C-terminus of UAP56 by heterokaryon analysis. (A) Deletion mutagenesis of UAP56
was performed to construct the UAP56 mutants indicated in panel A. Highlighted by bars: pUL69-interaction motif (aa227-428); REF-interaction motif
(aa81-428); NES, nuclear export signal (aa195-428). (B) The constructs shown in panel A were tested by heterokaryon analyses for their ability to
shuttle from the nucleus of a transfected HeLa cell to a murine nucleus. Positive staining of the murine nucleus is indicated by ‘+’, no staining is
indicated by a ‘-‘.
doi:10.1371/journal.pone.0022671.g007
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UAP56-QF (Fig. 9, panels a-f) in combination with either internal
control CFN-bGal (panels a-c) or CFNrev-bGal (panels d-f),
respectively, and heterokaryon assays were performed. When
heterokaryon formation was successful, UAP56-Q289R+F312A
(Figure 9, panels b and e) and NLS-NES-bGal (panel f) could be
detected in both, murine and human nuclei. In contrast, however,
NLS-bGal was detected exclusively in human nuclei (panel c),
while UAP56-Q289R+F312A was able to enter the murine
nucleus within the same heterokaryon (panel b), hence arguing
for the specificity of UAP56-Q289R+F312A shuttling. Thus, while
shuttling of yeast Uap56p depends on Rae1p-binding, its human
counterpart UAP56 shuttles in a Rae1-independent manner. This
finding suggests that, in comparison to Uap56p in S.pombe, human
UAP56 is a nucleocytoplasmic shuttling protein that is transported
via a different export receptor or export pathway.
Discussion
Although it is well established that the RNA helicases UAP56
and URH49 facilitate the export of mRNAs by a splice- and
transcription-coupled recruitment of the adaptor protein REF
[12,15,23,39], this study demonstrated for the first time that
mammalian UAP56 and URH49 exhibit an intrinsic nucleocyto-
plasmic shuttling activity, that is CRM1-independent. Our
findings suggest an additional cytoplasmic function for UAP56/
URH49, an idea that is not without precedent as several other
DExD/H-box RNA-helicases involved in mRNA export have
been reported to play a dual role both in the nucleus and the
cytoplasm. Amongst them, Dbp5, which is known to facilitate
mRNA export by remodeling mRNPs at the cytoplasmic filaments
of the NPC [40], also functions in translation by promoting stop
codon recognition for termination [41]. In analogy, the DEAD-
box RNA helicase DDX3, which associates with mRNPs as well as
with the export receptor TAP, additionally promotes translation
[42]. Moreover, certain shuttling SR proteins, involved in splicing
and mRNA-export, exert additional cytoplasmic functions [43,44].
For example, SF2/ASF promotes the association of spliced and
unspliced mRNAs with the translation machinery [45,46] and
SRp20 directly interacts with the cellular internal ribosome entry
site binding protein PCBP2 [47]. Thus, our study identified an
additional nuclear protein implicated in splicing and mRNA
export, being able to shuttle between the nucleus and the
cytoplasm.
Our mapping studies revealed that nuclear localization of
UAP56 was maintained for those constructs containing the amino
acids 81-381 while the residues 51–428 were required for REF-
interaction. Therefore, it can be excluded that UAP56 targets the
nucleus via interaction with the endogenous nuclear protein REF.
Since the very N-terminal 50 amino acids are dispensable for
nuclear localization of UAP56, it is probable that URH49,
showing its highest divergence to UAP56 within its N-terminal 50
amino acids, enters the nucleus via an analogous domain.
Nevertheless, such a region would represent an unusually large
nuclear localization signal, thereby suggesting that the complex
3D-structure of UAP56 is disrupted when amino acids within the
‘core-region’ comprising the amino acids 81-381 are deleted. Such
an assumption is sustained by the crystal structure of UAP56 that
reveals a complex structure built from numerous a-helices and b-
sheets [48]. Insofar as UAP56 shuttles via its C-terminus (aa195-
428), we can additionally exclude that UAP56 leaves the nucleus
via interaction with the shuttle protein REF [18].
Intriguingly, UAP56 tolerated an N-terminal truncation up to
residue 227, still preserving its interaction capacity with the viral
protein pUL69. This observation implies that pUL69 recruits
UAP56 (via its C-terminus) in a REF-unbound form but for proper
REF-recruitment, UAP56 has to contain its N-terminus. This
assumption would perfectly fit to our current model assuming that
pUL69 recruits UAP56 and, hence, REF to nascent mRNA in
order to facilitate the export of unspliced mRNA [26,49,50].
Interestingly, the nuclear export signal of UAP56 was also
mapped to its C-terminus comprising the amino acids 195-428,
Figure 8. Interaction of Rae 1 with pUL69 and UAP56. (A+B) Coimmunoprecipitation analyses of Rae1 with pUL69 and UAP56/URH49: HEK293T
cells were transfected with a vector coding for HA-Rae1 (A, lanes 1-5; B, lanes 1-9) together with FLAG-UL69 (A, lane 1), -URH49 (A, lane 2), -UAP56 (A,
lane 3), -UAP56aa1-194 (A, lane 4) or -UAP56aa195-428 (A, lane 5). Alternatively, HA-Rae1 was cotranfected with an empty vector (B, lane 1), FLAG-
UL69 (B, lane 2), FLAG-UAP56 wildtype (B, lane 3) or FLAG-UAP56 Q289R+F312A (B, lane 4). Two days posttransfection the amount of protein in the
input was analyzed by Western blotting (input, A, lanes 1–5; B, lanes 1–4). Immunoprecipitation was performed using an anti-FLAG antibody and
coimmunoprecipitated proteins were visualized by Western blotting using polyclonal HA-antibody (IP aFLAG, A, lanes 1–5; B, lanes 1–4). Asterisks
indicate putative dimeric forms of UAP56 and UAP56 Q289R+F312A (B, lanes 3 and 4).
doi:10.1371/journal.pone.0022671.g008
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interaction. Based on the available crystal structure of UAP56,
this deletion of 194 N-terminal amino acids should lead to a
disruption of the complex 3D structure [46]. Surprisingly,
however, we detected that this truncated domain was still active
for nucleocytoplasmic shuttling and for interaction with pUL69,
which may suggest that UAP56 can exist in an alternative
conformation in solution. The importance of the nuclear export
domain of UAP56 (aa195-428) identified in this study is sustained
by a recent publication which demonstrated that Uap56p of
S.pombe shuttles via its C-terminal residues 250 to 350 [36]. While
Uap56p recruits Rae1p and two amino acid substitutions (Q297R
and F320A) within the Uap56p NES abolished both, Rae1p-
interaction and shuttling, human wildtype UAP56 did not interact
with Rae1 and the corresponding amino acid substitutions Q289
and F312 in UAP56 were not able to abrogate nucleocytoplasmic
shuttling. These findings suggest that UAP56 (and, hence, most
probably URH49) shuttle via an export receptor that is distinct
from CRM1 and Rae1.
Although full-length UAP56 was unable to interact with Rae1,
surprisingly, an N-terminal fragment comprising the residues 1-
194 was capable to do so. The biological significance of this
observation is presently not clear. It will require further
investigations in order to clarify whether UAP56 contains a
cryptic interaction domain for Rae1 that may be activated upon
binding to specific cellular proteins. The unexpected finding that
full-length UAP56 failed to interact with Rae1 might be explained
by the fact that Uap56p of S.pombe differs in several properties from
its homologs of other species. Similar to UAP56/Sub2p, Uap56p
was found to be essential for growth and mRNA export but, in
contrast, it is not required for splicing [13,36,51]. In addition,
Uap56p has a more critical role for mRNA export of S.pombe since
there, Mex67p (TAP) is dispensable for mRNA export which
contrasts to S.cerevisiae, fruitfly, nematode or human [52–56].
Consistently, our study identified additional differences between
UAP56 and Uap56p. While Uap56p contains a bipartite NLS
between residues 1-100 and 216-250, human UAP56 tolerated
only a truncation of the very N- and/or C-terminal amino acids
without loosing nuclear localization, suggesting that human
UAP56 has a more complex secondary structure required for
nuclear import or, alternatively, that UAP56 might gain access to
the nucleus by recruitment of another nuclear interaction protein.
Conclusively, while S.pombe Uap56p and its human counterpart
UAP56 share a well conserved nucleocytoplasmic shuttling
activity, their shuttle receptor seems to have diverged during
evolution of yeast and human.
Furthermore, our studies identified an interaction of the viral
protein pUL69 and the nuclear pore-associated protein Rae1.
Since Rae1-interaction with wildtype pUL69 was weak, it could
not be excluded that Rae1 might have been bridged via other
copurified components of the cellular mRNA export machinery.
However, an indirect interaction via copurified RNA was excluded
since pUL69aa380-744, deleted of its RNA-binding domain [57],
still interacted with Rae1 (data not shown). Although N-terminally
truncated versions of pUL69, lacking their UAP56-interaction
motif [26], remained residual binding, robust Rae1 association
required an intact UAP56- and/or RNA-interaction motif of
pUL69 (data not shown), thereby suggesting that pUL69 recruits
preformed UAP56- and Rae1-containing complexes and we are
currently investigating whether this interaction has an impact on
the replication of human cytomegalovirus.
While our results clearly demonstrated nucleocytoplasmic
shuttling of mammalian UAP56 or URH49, the functional impact
of this capacity remains to be investigated. Besides their role for
Figure 9. Nucleocytoplasmic shuttling of UAP56-Q289R+F312A. Heterokaryon analysis: HeLa cells were cotransfected with vectors encoding
FLAG-UAP56-Q289R+F312A (F-UAP56-QF, panels a-f) and one of the internal control plasmids as indicated (a–c, +CFN-bGal; d–f, +CFNrev-bGal).
Transfected cells were subjected to an interspecies heterokaryon assay as described before. Indirect immunofluorescence analysis was performed
using polyclonal anti-FLAG serum (b and e) and monoclonal anti-bGal-antibody (c and f). DAPI staining (a and d); murine nuclei are indicated by
arrows.
doi:10.1371/journal.pone.0022671.g009
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involvement of UAP56 and URH49 in other cellular processes.
For instance, it was shown that UAP56 and URH49 interact with
the nuclear cytokine-induced protein CIP29 (alternatively named
HCC-1), that is implicated in the regulation of cell-cycle
progression [58–60]. Most importantly, however, a recent study
demonstrated that, in Drosophila, UAP56 executes two independent
functions: while its main nuclear function is the well-characterized
stimulation of bulk nuclear mRNA export, UAP56 is also required
for efficient active mRNA transport in the cytoplasm [61].
Consistent with such a scenario Drosophila UAP56 could be
detected both in the nucleus and the cytoplasm of Drosophila
oocytes and it is proposed that UAP56 remains on the RNA after
nuclear export and has a role in the remodeling of RNP complexes
in the cytoplasm [61]. Thus, it is highly tempting to speculate that
the nucleocytoplasmic shuttling that we characterized in this study
may be required for a similar activity of mammalian UAP56 for
remodeling of RNP complexes in the cytoplasm.
In summary, our study demonstrates for the first time that the
mammalian DExD/H-box RNA-helicases UAP56 and URH49
exhibit a CRM1- and Rae1-independent nucleocytoplasmic
shuttling activity, thereby suggesting a novel, so far uncharacter-
ized cytoplasmic function of these two RNA-helicases.
Materials and Methods
Oligonucleotides and plasmids
Oligonucleotide primers used for this study are listed in Table 1
and were purchased from Biomers GmbH (Ulm, Germany).
FLAG-UAP56 was a kind gift of K. Nagata [32], myc-Aly was
provided by A. Whitehouse [62] and HA-Rae1 was obtained from
B.M. Fontoura [63]. The construction of pHM160, FLAG-UL69,
FLAG-UL69-PP602/603AA, FLAG-URH49, myc-pUL84, myc-
UAP56, myc-UAP56 aa140-428, myc-URH49, myc-URH49
aa168-427 used for this study was described previously as it was
for the corresponding yeast expression constructs [26,33,64]. The
N- or C-terminally truncated derivatives UAP56 aa51-428, aa81-
428, aa195-428, aa227-428, aa311-428, aa1-201, aa1-310 and
aa1-381 were constructed via PCR using the respective primer
pairs (Table 1), followed by cleavage of the products with BamHI
and XhoI and subcloning into the Myc-expressing vector
pHM1580 [65]. For the generation of Myc-bGAL-deltaUAP56
constructs, b-Galactosidase was amplified from the pSV-bGAL
vector (Promega) using the respective primer pair (Table 1). The
PCR-product was then digested by BglII and subcloned in frame
into the BamHI-linearized vectors encoding the respective Myc-
deltaUAP56 as described above. N-terminal deletion mutants of
pUL69 (i.e. encoding amino acids 177-744, 380-744 and 1-630)
were constructed analogously to FLAG-UL69 aa92-744 [26] via
ligation of the BamHI/EcoRV-fragments into pHM972 [66],
coding for an N-terminal in-frame fusion of a FLAG tag as well
as the simian virus 40 (SV40) T antigen nuclear localization signal
(NLS). FLAG-NLS-UAP56 aa140-428 was constructed likewise,
albeit a BamHI/XhoI PCR fragment was inserted into pHM972.
Mutagenesis within FLAG-UAP56 was performed using the Quick
Change site-directed mutagenesis kit as instructed by the
manufacturer (Stratagene) and a complementary primer pair (as
indicated in Table 1), resulting in the plasmid FLAG-UAP56-
Q289R+F312A. N- or C-terminal deletion mutants fused to the
GAL4-AD (see Fig. 5A) were constructed by inserting BamHI/PstI
fragments of UAP56 or EcoRI/SalI fragments of URH49 into the
pGAD424 vector (Clontech). REF-BD was constructed by
digestion of Aly136, which was a kind gift of B. Clements [67]
using SmaI/XhoI and subsequent ligation into SmaI/SalI-digested
pGBT9 (Clontech). To tether the UAP56 truncations aa195-428,
aa227-428 and aa298-428 to b-galactosidase and the SV40-NLS,
the respective PCR fragments were subloned via XbaI/KpnI into
pCFN-bGal [27].
Yeast-transformation and two-hybrid analyses
Yeast cells were transformed using a modified lithium acetate
method [68]. For this, yeast of the tryptophane- and leucine-
auxotrophous strain Y153 were grown in 6 ml YAPD medium at
30uC overnight. The next day, transformation was prepared by
mixing 2 mg of each plasmid with 10 ml of salmon testes carrier
DNA [10mg/ml]. After pelleting yeast cells for 2 minutes at
2500 rpm, the supernatant was discarded and the pellet
resuspended in 3 ml LP-mix by vortexing after the addition of
300 ml DMSO. 500 ml each of these yeast cells were then
resuspended with the DNA, incubated for 15 min at room
temperature and subsequently heat shocked for 15 minutes at
42uC. For dilution of the LP-mix, 500 ml sterile H2O were added
before the cells were pelleted for 2 minutes at 2500 rpm.
Thereafter, the supernatant was discarded and the cells were
washed again in 1 ml H2O. After another centrifugation step the
pellet of transformed yeast cells was carefully resuspended in
100 ml of sterile H2O and plated on minimal medium agar plates
for selection. The plates were incubated at 30uC for appoximately
3 days until colonies appeared.
The activity of the reporter gene b-galactosidase, stably
integrated in yeast strain Y153, was examined by filter-lift tests
[69]. Therefore, growth selected yeast cells were transferred onto a
nylon membrane (Hybond
TM-C-Extra, GE Healthcare, Freiburg,
Germany) and subsequently permeabilized by incubation for one
minute in liquid nitrogen. Thereafter, the membrane was put on a
substrate-soaked Whatman paper (Buffer Z, 1 mM b-mercapto-
ethanol, 1.5 mM X-Gal) and incubated at 30uC for 4–12 hours.
Protein-protein interactions were indicated by blue staining of the
respective yeast cells.
Cell culture and plasmid transfections
HEK293T cells were cultivated in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal calf serum, NIH3T3 cells
were cultivated in DMEM containing 8% fetal calf serum and
HeLa cells were cultivated in Eagle’s minimal essential medium
with 5% fetal calf serum. Transfection of HEK293T cells was
performed at a cell confluency of app. 80% via precipitation of
calcium phosphate-DNA complexes as described earlier [65,70].
Lipofectamine 2000 (Invitrogen) was applied according to the
protocol of the manufacturer to transfect HeLa cells at a
confluency of 70%.
Coimmunoprecipitation assay (CoIP)
Coimmunoprecipitation analysis was performed as decribed by
Bannister and Kouzarides [71]. Briefly, HEK293T cells were
transfected in 6-well plates (5.0610
5 cells/well). Two days post
transfection, cells were lysed in 800 ml of CoIP buffer (50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,
1 mM PMSF, 2 mg/ml aprotinin, 2 mg/ml leupeptin and 2 mg/ml
pepstatin) and used for CoIP as described before [33]. The
precipitates were subjected to a standard Western blot (Wb)
analysis using specific antibodies (MAb-FLAG M2, Sigma; PAb-
HA, Covance, CA, USA; MAb-Myc 1-9E10.2, ATCC; anti-Aly
[11G5], Abcam; anti-b-galactosidase, Millipore, anti-BAT1,
Proteintech Group, and MAb-UL69 69-66) for precipitation or
for the detection of coimmunoprecipitates (ECL staining, New
England Bio-Labs).
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HeLa cells were grown on coverslips in 6-well dishes (3.0610
5
cells/well) and transfected by standard calcium phosphate precip-
itation one day after seeding. Two days later, cells were fixed with
4% paraformaldehyde (10 min, room temperature) and permeabi-
lized using PBS/0.2% Triton-X-100 (20 min, 4uC). Afterincubation
with the appropriate primary antibody (MAb-Myc 1-9E10.2,
ATCC, US; MAb-b-Gal, Roche, Germany) for 45 min at 37uC,
cells wereexcessivelywashedand subsequently incubated for 30 min
at 37uC with FITC- and/or Cy3-conjugated secondary antibodies
(Dianova, Germany); counterstaining of the cell nuclei was achieved
by DAPI Vectashield mounting medium (Vector Laboratories, US).
Immunofluorescence data were analyzed by an Axiovert-135
microscope at magnifications of 400x and 630x (Zeiss) [65].
Nucleocytoplasmic shuttling assay
To examine the nucleocytoplasmic shuttling activity of UAP56/
URH49, interspecies heterokaryon analyses were performed [72].
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NIH3T3 cells by PEG3500, proteins were allowed to shuttle for
4 hours exactly as described by Lischka and colleagues [64]. When
inhibition of CRM1-dependent export was required, cells were
treated with 2.5 ng/ml LMB starting 3h prior and throughout the
whole experiment. Cells were fixed by 4% paraformaldehyde and
heterokaryons subjected to standard indirect immunofluorescence
analyses as described above, using mouse-anti-b-galactosidase
antibody (MAb-b-gal, Roche, Germany) and FLAG-tag specific
antibody (RAb-FLAG, Sigma, Germany) as primary antibodies.
In silico analyses
For prediction of classical NLS and NES sequences we took
advantage of the software provided by http://cubic.bioc.columbia.edu/
services/predictNLS and www.cbs.dtu.dk/services/, respectively.
Acknowledgments
The authors wish to thank Dr. Zsolt Toth (Los Angeles, California, USA)
for stimulating discussions. Furthermore, we would like to thank Dr. B.M.
Fontoura (Dallas, Texas, USA), Dr. K. Nagata (Tokyo, Japan) and Dr.
Adrian Whitehouse (Leeds, UK) for providing expression plasmids for
Rae1, UAP56 and Aly.
Author Contributions
Conceived and designed the experiments: MT PL TS. Performed the
experiments: MT PL RM. Analyzed the data: MT PL RM TS. Wrote the
paper: MT PL TS.
References
1. Linder P, Stutz F (2001) mRNA export: travelling with DEAD box proteins.
Curr Biol 11: R961–R963.
2. Rocak S, Linder P (2004) DEAD-box proteins: the driving forces behind RNA
metabolism. Nat Rev Mol Cell Biol 5: 232–241.
3. Linder P (2006) Dead-box proteins: a family affair - active and passive players in
RNP-remodeling. Nucleic Acids Res 34: 4168–4180.
4. Fleckner J, Zhang M, Valcarcel J, Green MR (1997) U2AF65 recruits a novel
human DEAD box protein required for the U2 snRNP-branchpoint interaction.
Genes Dev 11: 1864–1872.
5. Shen H, Zheng X, Shen J, Zhang L, Zhao R, et al. (2008) Distinct activities of
the DExD/H-box splicing factor hUAP56 facilitate stepwise assembly of the
spliceosome. Genes Dev 22: 1796–1803.
6. Shen J, Zhang L, Zhao R (2007) Biochemical characterization of the ATPase
and helicase activity of UAP56, an essential pre-mRNA splicing and mRNA
export factor. J Biol Chem 282: 22544–22550.
7. Gatfield D, Le Hir H, Schmitt C, Braun IC, Kocher T, et al. (2001) The DExH/
D box protein HEL/UAP56 is essential for mRNA nuclear export in
Drosophila. Curr Biol 11: 1716–1721.
8. Herold A, Teixeira L, Izaurralde E (2003) Genome-wide analysis of nuclear
mRNA export pathways in Drosophila. EMBO J 22: 2472–2483.
9. Katahira J, Strasser K, Podtelejnikov A, Mann M, Jung JU, et al. (1999) The
Mex67p-mediated nuclear mRNA export pathway is conserved from yeast to
human. EMBO J 18: 2593–2609.
10. Rodrigues JP, Rode M, Gatfield D, Blencowe B, Carmo-Fonseca M, et al. (2001)
REF proteins mediate the export of spliced and unspliced mRNAs from the
nucleus. Proc Natl Acad Sci U S A 98: 1030–1035.
11. Strasser K, Hurt E (2000) Yra1p, a conserved nuclear RNA-binding protein,
interacts directly with Mex67p and is required for mRNA export. EMBO J 19:
410–420.
12. Luo ML, Zhou Z, Magni K, Christoforides C, Rappsilber J, et al. (2001) Pre-
mRNA splicing and mRNA export linked by direct interactions between UAP56
and Aly. Nature 413: 644–647.
13. Reed R, Hurt E (2002) A conserved mRNA export machinery coupled to pre-
mRNA splicing. Cell 108: 523–531.
14. Strasser K, Masuda S, Mason P, Pfannstiel J, Oppizzi M, et al. (2002) TREX is a
conserved complex coupling transcription with messenger RNA export. Nature
417: 304–308.
15. Strasser K, Hurt E (2001) Splicing factor Sub2p is required for nuclear mRNA
export through its interaction with Yra1p. Nature 413: 648–652.
16. Hautbergue GM, Hung ML, Golovanov AP, Lian LY, Wilson SA (2008)
Mutually exclusive interactions drive handover of mRNA from export adaptors
to TAP. Proc Natl Acad Sci U S A 105: 5154–5159.
17. Hung ML, Hautbergue GM, Snijders AP, Dickman MJ, Wilson SA (2010)
Arginine methylation of REF/ALY promotes efficient handover of mRNA to
TAP/NXF1. Nucleic Acids Res 38: 3351–3361.
18. Zhou Z, Luo MJ, Straesser K, Katahira J, Hurt E, et al. (2000) The protein Aly
links pre-messenger-RNA splicing to nuclear export in metazoans. Nature 407:
401–405.
19. Gatfield D, Izaurralde E (2002) REF1/Aly and the additional exon junction
complex proteins are dispensable for nuclear mRNA export. J Cell Biol 159:
579–588.
20. Huang Y, Gattoni R, Stevenin J, Steitz JA (2003) SR splicing factors serve as
adapter proteins for TAP-dependent mRNA export. Mol Cell 11: 837–843.
21. Tintaru AM, Hautbergue GM, Hounslow AM, Hung ML, Lian LY, et al. (2007)
Structural and functional analysis of RNA and TAP binding to SF2/ASF.
EMBO Rep 8: 756–762.
22. Hargous Y, Hautbergue GM, Tintaru AM, Skrisovska L, Golovanov AP, et al.
(2006) Molecular basis of RNA recognition and TAP binding by the SR proteins
SRp20 and 9G8. EMBO J 25: 5126–5137.
23. Pryor A, Tung L, Yang Z, Kapadia F, Chang TH, et al. (2004) Growth-
regulated expression and G0-specific turnover of the mRNA that encodes
URH49, a mammalian DExH/D box protein that is highly related to the
mRNA export protein UAP56. Nucleic Acids Res 32: 1857–1865.
24. MacMorris M, Brocker C, Blumenthal T (2003) UAP56 levels affect viability
and mRNA export in Caenorhabditis elegans. RNA 9: 847–857.
25. Kapadia F, Pryor A, Chang TH, Johnson LF (2006) Nuclear localization of
poly(A)+ mRNA following siRNA reduction of expression of the mammalian
RNA helicases UAP56 and URH49. Gene 384: 37–44.
26. Lischka P, Toth Z, Thomas M, Mueller R, Stamminger T (2006) The UL69
transactivator protein of human cytomegalovirus interacts with DEXD/H-Box
RNA helicase UAP56 to promote cytoplasmic accumulation of unspliced RNA.
Mol Cell Biol 26: 1631–1643.
27. Roth J, Dobbelstein M (1997) Export of hepatitis B virus RNA on a Rev-like
pathway: inhibition by the regenerating liver inhibitory factor IkappaB alpha.
J Virol 71: 8933–8939.
28. Fukuda M, Asano S, Nakamura T, Adachi M, Yoshida M, et al. (1997) CRM1 is
responsible for intracellular transport mediated by the nuclear export signal.
Nature 390: 308–311.
29. Fornerod M, Ohno M, Yoshida M, Mattaj IW (1997) CRM1 is an export
receptor for leucine-rich nuclear export signals [see comments]. Cell 90:
1051–1060.
30. Stade K, Ford CS, Guthrie C, Weis K (1997) Exportin 1 (Crm1p) is an essential
nuclear export factor. Cell 90: 1041–1050.
31. Wolff B, Sanglier JJ, Wang Y (1997) Leptomycin B is an inhibitor of nuclear
export: inhibition of nucleo- cytoplasmic translocation of the human
immunodeficiency virus type 1 (HIV-1) Rev protein and Rev-dependent
mRNA. Chem Biol 4: 139–147.
32. Momose F, Basler CF, O’Neill RE, Iwamatsu A, Palese P, et al. (2001) Cellular
splicing factor RAF-2p48/NPI-5/BAT1/UAP56 interacts with the influenza
virus nucleoprotein and enhances viral RNA synthesis. J Virol 75: 1899–1908.
33. Lischka P, Thomas M, Toth Z, Mueller R, Stamminger T (2007)
Multimerization of human cytomegalovirus regulatory protein UL69 via a
domain that is conserved within its herpesvirus homologues. J Gen Virol 88:
405–410.
34. Masuda S, Das R, Cheng H, Hurt E, Dorman N, Reed R (2005) Recruitment of
the human TREX complex to mRNA during splicing. Genes Dev 19:
1512–1517.
35. Cheng H, Dufu K, Lee CS, Hsu JL, Dias A, et al. (2006) Human mRNA export
machinery recruited to the 59 end of mRNA. Cell 127: 1389–1400.
36. Thakurta AG, Selvanathan SP, Patterson AD, Gopal G, Dhar R (2007) The
nuclear export signal of splicing factor Uap56p interacts with nuclear pore-
associated protein Rae1p for mRNA export in Schizosaccharomyces pombe.
J Biol Chem 282: 17507–17516.
37. Pritchard CE, Fornerod M, Kasper LH, van Deursen JM (1999) RAE1 is a
shuttling mRNA export factor that binds to a GLEBS-like NUP98 motif at the
nuclear pore complex through multiple domains. J Cell Biol 145: 237–254.
38. Blevins MB, Smith AM, Phillips EM, Powers MA (2003) Complex formation
among the RNA export proteins Nup98, Rae1/Gle2, and TAP. J Biol Chem
278: 20979–20988.
39. Lei EP, Krebber H, Silver PA (2001) Messenger RNAs are recruited for nuclear
export during transcription. Genes Dev 15: 1771–1782.
40. Cole CN, Scarcelli JJ (2006) Unravelling mRNA export. Nat Cell Biol 8:
645–647.
41. Gross T, Siepmann A, Sturm D, Windgassen M, Scarcelli JJ, et al. (2007) The
DEAD-box RNA helicase Dbp5 functions in translation termination. Science
315: 646–649.
42. Lai MC, Lee YH, Tarn WY (2008) The DEAD-box RNA helicase DDX3
associates with export messenger ribonucleoproteins as well as tip-associated
protein and participates in translational control. Mol Biol Cell 19: 3847–3858.
43. Caceres JF, Screaton GR, Krainer AR (1998) A specific subset of SR proteins
shuttles continuously between the nucleus and the cytoplasm. Genes Dev 12:
55–66.
Nucleocytoplasmic Shuttling of UAP56 and URH49
PLoS ONE | www.plosone.org 13 July 2011 | Volume 6 | Issue 7 | e2267144. Cavaloc Y, Bourgeois CF, Kister L, Stevenin J (1999) The splicing factors 9G8
and SRp20 transactivate splicing through different and specific enhancers. RNA
5: 468–483.
45. Sanford JR, Gray NK, Beckmann K, Caceres JF (2004) A novel role for shuttling
SR proteins in mRNA translation. Genes Dev 18: 755–768.
46. Michlewski G, Sanford JR, Caceres JF (2008) The splicing factor SF2/ASF
regulates translation initiation by enhancing phosphorylation of 4E-BP1. Mol
Cell 30: 179–189.
47. Bedard KM, Daijogo S, Semler BL (2007) A nucleo-cytoplasmic SR protein
functions in viral IRES-mediated translation initiation. EMBO J 26: 459–467.
48. Zhao R, Shen J, Green MR, MacMorris M, Blumenthal T (2004) Crystal
Structure of UAP56, a DExD/H-Box Protein Involved in Pre-mRNA Splicing
and mRNA Export. Structure (Camb) 12: 1373–1381.
49. Stamminger T (2008) Interactions of human cytomegalovirus proteins with the
nuclear transport machinery. Curr Top Microbiol Immunol 325: 167–185.
50. Toth Z, Stamminger T (2008) The human cytomegalovirus regulatory protein
UL69 and its effect on mRNA export. Front Biosci 13: 2939–2949.
51. Thakurta AG, Gopal G, Yoon JH, Kozak L, Dhar R (2005) Homolog of
BRCA2-interacting Dss1p and Uap56p link Mlo3p and Rae1p for mRNA
export in fission yeast. EMBO J 24: 2512–2523.
52. Thakurta AG, Gopal G, Yoon JH, Saha T, Dhar R (2004) Conserved nuclear
export sequences in Schizosaccharomyces pombe Mex67 and human TAP
function in mRNA export by direct nuclear pore interactions. J Biol Chem 279:
17434–17442.
53. Yoon JH, Love DC, Guhathakurta A, Hanover JA, Dhar R (2000) Mex67p of
Schizosaccharomyces pombe interacts with Rae1p in mediating mRNA export.
Mol Cell Biol 20: 8767–8782.
54. Braun IC, Herold A, Rode M, Conti E, Izaurralde E (2001) Overexpression of
TAP/p15 heterodimers bypasses nuclear retention and stimulates nuclear
mRNA export. J Biol Chem 276: 20536–20543.
55. Segref A, Sharma K, Doye V, Hellwig A, Huber J, et al. (1997) Mex67p, a novel
factor for nuclear mRNA export, binds to both poly(A)+ RNA and nuclear
pores. EMBO J 16: 3256–3271.
56. Herold A, Klymenko T, Izaurralde E (2001) NXF1/p15 heterodimers are
essential for mRNA nuclear export in Drosophila. RNA 7: 1768–1780.
57. Toth Z, Lischka P, Stamminger T (2006) RNA-binding of the human
cytomegalovirus transactivator protein UL69, mediated by arginine-rich motifs,
is not required for nuclear export of unspliced RNA. Nucleic Acids Res 34:
1237–1249.
58. Sugiura T, Sakurai K, Nagano Y (2007) Intracellular characterization of
DDX39, a novel growth-associated RNA helicase. Exp Cell Res 313: 782–790.
59. Leaw CL, Ren EC, Choong ML (2004) Hcc-1 is a novel component of the
nuclear matrix with growth inhibitory function. Cell Mol Life Sci 61:
2264–2273.
60. Fukuda S, Wu DW, Stark K, Pelus LM (2002) Cloning and characterization of a
proliferation-associated cytokine-inducible protein, CIP29. Biochem Biophys
Res Commun 292: 593–600.
61. Meignin C, Davis I (2008) UAP56 RNA helicase is required for axis specification
and cytoplasmic mRNA localization in Drosophila. Dev Biol 315: 89–98.
62. Boyne JR, Colgan KJ, Whitehouse A (2008) Recruitment of the complete
hTREX complex is required for Kaposi’s sarcoma-associated herpesvirus
intronless mRNA nuclear export and virus replication. PLoS Pathog 4:
e1000194.
63. Faria PA, Chakraborty P, Levay A, Barber GN, Ezelle HJ, et al. (2005) VSV
disrupts the Rae1/mrnp41 mRNA nuclear export pathway. Mol Cell 17:
93–102.
64. Lischka P, Rosorius O, Trommer E, Stamminger T (2001) A novel transferable
nuclear export signal mediates CRM1-independent nucleocytoplasmic shuttling
of the human cytomegalovirus transactivator protein pUL69. EMBO J 20:
7271–7283.
65. Hofmann H, Floss S, Stamminger T (2000) Covalent modification of the
transactivator protein IE2-p86 of human cytomegalovirus by conjugation to the
ubiquitin-homologous proteins SUMO-1 and hSMT3b. J Virol 74: 2510–2524.
66. Hofmann H, Sindre H, Stamminger T (2002) Functional interaction between
the pp71 protein of human cytomegalovirus and the PML-interacting protein
human Daxx. J Virol 76: 5769–5783.
67. Malik P, Blackbourn DJ, Clements JB (2004) The evolutionarily conserved
Kaposi’s sarcoma-associated herpesvirus ORF57 protein interacts with REF
protein and acts as an RNA export factor. J Biol Chem 279: 33001–33011.
68. Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved method for high
efficiency transformation of intact yeast cells. Nucleic Acids Res 20: 1425.
69. Breeden L, Nasmyth K (1985) Regulation of the yeast HO gene. Cold Spring
Harb Symp Quant Biol 50: 643–650.
70. Winkler M, Rice SA, Stamminger T (1994) UL69 of human cytomegalovirus, an
open reading frame with homology to ICP27 of herpes simplex virus, encodes a
transactivator of gene expression. J Virol 68: 3943–3954.
71. Bannister AJ, Kouzarides T (1996) The CBP co-activator is a histone
acetyltransferase. Nature 384: 641–643.
72. Pinol-Roma S, Dreyfuss G (1992) Shuttling of pre-mRNA binding proteins
between nucleus and cytoplasm. Nature 355: 730–732.
Nucleocytoplasmic Shuttling of UAP56 and URH49
PLoS ONE | www.plosone.org 14 July 2011 | Volume 6 | Issue 7 | e22671